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An investigation of the penetration  characteristics of liquid 
(W&tm) jets dir8Uted approrimatem p e 3 ? p 8 n d i U U W  t o  8 high-velocity 
air stream was made and a correlation of the penetration length with 
the primary flow variables was obtained from an a n a l p i s  of w e  data. 
The ranges of prirmq flow variables investigated inoluded Jet-nozzle 
orifice diameters from O . O B 5  to 0.0625 imh, alr-stream deneitiea from 
0.0805 t o  0.1365 pound per cubic foot, and liquid-jet velocit ies from 
168.1 t o  229.0 f e e t  per second. The air-stream velocity azd liquid- 
Jet  density were approximately constant a t  742 f e e t  per aecand and 
62 pounds per cubic  foot,  respectively, throughout the i nves t i s t i an .  

. 

The resul ts  of this  analysis indicated that the correlation 
method was applicable to  Jet nozzles of the  desiga  investigated and 
permitted the predict im of the penetration length f o r  any operating 
condition within the range of the investigation. 

Among the problem ancountered during an investigation of thrust 
augmentation of turbojet engines at t h e  NACA.Lewis laboratory was 
the des im of notzlea that would give hewn penstratfan when wed 
f o r  the injection of l iquids  into the various stages of an axial-flow 
compressor. Because information M the -Penetration characteristics 
d l iquid jets -8 unavailable, & brief inveetigatian 'me wnducted in 
a small air-flaw tunnel. The penetration characteristics af liquid 
(water) je te  ieeuing from nozzlee of' various orif ice  diameter8 and 
with various l iquid -flows directed al?proxiroatelg perpendicular t o  
8 high-velocity air stream w e r e  investigated- This investigatian 
was essentially a qualitative  study of the re lat ive penetration ~5th 
different jet-nozzle sizes; penetration wa8 determfned primarily by 
visual observatian. Although an extensive amount of data was not 
recorded and accuracy was not stressed, the data obtained from the 

i 
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investigation are considered applicable to mmy other liquid-jet- 
penetration problems. Accordingly, the data were generalized by a 
m e t h o d  similar to that of reference 1 and a r e  presented herein in 
8 form suitable for convenient  application. 

This correlation permits the determination of the penetration 
length for Jet nozzles covering a range of jet-nozzle a r i f i o e  
diameter8, air-atream densities, liquid-jet velodtiee, and mixin@; 
dis.tancef3. 

The followFng s p b o l s  are used in this analysis : 

exponents 

diameter of cylindrical orifice of j e t ,  nozzle, inches 

depth of test section, inchea 

coefficient 

length of jet penetration I n to  air s t ream at distance s 
downstream of jet-nozzle center line, inches 

mixing dlstance or distance downstream of jet-nozzle 
center line, inches 

velocity of liquid jet, feet per second 

velocity of air atrean, feet per second 

width of test section, inches 

density cf l i q u i d  Jet, pounds per cubic foot 

denaity of air stream, pounds per cubic foot 

viscosity of liquid Jet, pounds per foot-second 

viscosity of air s t r e a m ,  powrds per foot-second 

. 
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The air tunnel, show& in figures 1-and 2, was designed t o  
simulate approxirPately the air velocities ehnd ths flow-passage 
dfmensions of a tnical axial-flow turbo jet-engine compressor. A 
tuo-dimeneianal bellmouthed nozzle having a 4-inCh-sqwe throat 
a s  installed at the  test-section M e t .  The test eectian was 
designed to permit lmestigations of the penetratfan lengths of 
l iquid  jets into air streams of var ious depthe. 'ifhe cross-sectional 
area at all stations along the test   section was made constant in 
order t o  maintain constant air velocitiee through the bellmouthed 
nozzle thrcat and the test eectfon;  therefare, the width of the tes t  
section varied with its depth. Transparent luc i te  walls were 
inetalled 0 ~ 1  both sidea of the air tunnel EO that viaual observation 
and photographic  recorda of the Uquid-jet penetration could be made. 
Jet  nozzles were installed on the top of the t e s t  section a t  
stations 1 and 2 (fig. 2); the comespanding  test-section depths 
-e 3.625 and 2.250 inchee, respectively. Jet nozzles were 
munted a t  s ta t ion 1 either  f lush with th&top of t he  t e s t  section 
(hereinafter called position l a )  or extended 2 inches into t he  air 
s t r e a m  (her8fnafter called position lb) . A t  etation 2 the j e t  noz- 
Z h S  were installed flwh with the top of the t e s t  section 
(pO6it ia  &) 

A i r  w&8 SUppUed by the labOrat0- SezTi.ce8 and PA6 m8tered 
an orifice Installed Fn the  supply duct. An awciliary pumg 

used in  conjunction with an air-operated preseure regulator 
permitted  cantrol of the Uquid f l o w  asd preisure to a supply 
header to w h i c h  the Jet nozzles were connected. Water wa8 the 
only liquid used during this hkestigation. 

Two types of Jet nozzle of the same design  except for t h e  
approach diameter8 were inveetiegstted. These two tgpes of nozzle 
a.re desi" type A and type B asd 8118 shown in  figures 3(a) 
and 3(b), respectively. Both tmes of Jet nozzle had 60° canical 
in le t s  followed by cylindrical  orifice8 having length-to-dlameter 
ratios of 0.50. This lengthrto-diameter ratio was found by pre- 
liminary eqer imenta t o  give the best solid j e t  in still  air for 
a large range of water flows. The cyUdrical-orifice  eizee,  jet- 
nozzle  diameters Dj, that were Investfgated f o r  each ty-pe of 
nozzle are listed in figure 3. 

The Instnrmen.t;aticm, as shown in figure 2, conaisted of a 
thermocouple pressure rake having two total-pressure tubea, a 
static-pressure tube, and. two themcouples "ba l l ed  at  the 
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throat of t h e  two-dimensiomril bellmouthed inlet nozzle and a 
thannocouple and a pressure tap imtalled in the wetter-supply 
header before the inlet to the jet nozzles. 

PROCEDLRE 

The penetratinn lengths and t h e  miaJ,, distance8 of the l iquid 
jets into the high-velocity air stream were determined from photo- 
graphs taken through the transparent air-tunnel walls. The measure- 
mente were obtained with the aid of a scale that was installed in 
t h e  same plane as the Jet nozzle at the time the photographs were 
taken- For all the Jet nozzles, the penetrcation length was arbi- 
trarily ohosan as the vertical dietance from the outlet end of the 
jet nozzle to the outer visible boundary of t h e  l i q u i d  Jet at t he  
corresponding mixing distance downstream of the jet-nozzle  center 
Use, as shown schemgbtlcally in figure 4- Pigurea 5 and 6 are 

from nozzles installed in positions la and lb, respectively. Smsll 
distortions occurred in the photographs f o r  different set8 of data 
because the camera wa8 not in the same position f o r  a l l  m a .  
These dietorticma, In addit ion to auch effects a8 paper s t r e t c h  
and scale effect in the photographs, caused BU inaccuracies in 
t h e  penetration meaeuremente. 

tniC.Rl photograph8 ehOWhg ~0 path Of t he  liquid j e ts  iBEUbg 

m e  velocity  and the- denefty of the air s t r a n  (at t e q e r a -  
tures of approximately 70° F) were ccnstant throughout the length 
of the test section and were' determined by using compressible-flow 
relations. The velocity of the l iquid Jet wa8 determined by u6e 
of Bernoullile theorem, a B 8 u m b g  that the diecharge  coefficient -8 
equal to 1.00. The effective differentfa1 preeeure of the l iquid 
acroab the jet nozzle  ass W e n  equal to the etatic pressure in 
the water-suppu header mfnue the s t a t l c  pressure cf the air in 
the t e a t  sectian. The deneity of t he  liquid Jet was obtained by 
wing the measured temperature of the l i q u i d  and the curve8 pre- 
sented in reference 2. No provision was made for  syetemtically 
varying t h e  density of the water. 

The fnvestf@gticm UBB canducted over the following range of 
conditions : 
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Jet-nozzle diamsterldir-stream dena€tylJet-nozzle)Positian 

I I I 

0.0625 

lb B .08l .013!5 - -0410 2a A .134 -0240 - -0625 
la A O.O8l - 0.132 

The liquid-jet velocity wae varied mer a range from approximately 
168.1 to 229.0 feet per second for each set of conditions in the 
precedfng table and the air-stream velocity and the liquid-jet 
density were approximately canstant t&ou&out the fnveatlgation 
at 742 feet per second and 62 pounds p& cubic foot, respectively. 
These conditions are  tabulated for  each ru~l in table I. 

4 

The effect of evaporation of t h e  Uquid.waa calculated for the 
various opdt fng  condition8 investiwted and was found to be of 
negligible magnitude and therefore waa considered 8s not affectfng 
t h e  penetratfon length. 

A l t h o u g h  t he  l imited ecope of the present investigation WBB 
Buch that 8 separate study of emh of the parametera in equation (1) 
was impossible, several of the parameters m y  be eliminated from 
consideration became they were either conetant or were found to be 
of negligible tnagnitudea. Analysis of the data obtained at the two 
jet-nozzle positions indicated that the  w M t &  and depth parameters 
w b j  and h/Dj had no effect an the penetraticm length t within 
the range of the present data. ~ l t h o ~ g h  the vfscos~ty ratlo pj/m 
varied because of variation in Ifquid-jet temperature (73O to 130* P), 



6 NACA R€4 E50F21 

no consistent effect of viscosity  ratio on the penetraticm data 

not be evaluated from the present data. A l s o ,  for the range of Je t  
iiegnolde numbers pJVfDJ/12pj t nves t i s t ed  (10,000 t o  ZO,OoO)  no 
oonsiwbnt trend in  the panetration data vith Jet Reynolds number 
could be obsemd; there;fore, it m a  considered that the jet Regnolds 
number effect m u s t  be amall for the range af oonditians covered and 
It was eUmimted fraan the present analyaie. Thue, a11 cS the flaw 
parameters except velocity ratio vJ/y0, bneity r a t i o  p /p anb 

mixlng-distance j e t - m e t e r  ra t io  e / b j  were eliminated fram equatia 
(3) fam. the present analysis and the equation f o r  the penetration p- 
rameter z / b  reduces t o  

J 

. could be observed; the  effect of viscoeitg r a t i o  therefore could 

3 0’ 

When the  coefficfent K and the various exponents appearing 
in equation (2) a m  evaluated, an equation relat ing the penetratian 
length 2 and the varioue operating  canditiane is obtained that 
~lerves t o  correlate the data and t o  permit t h e  prediction of t h e  
penetration length for any velocity  ratio, denaity ratio,  and mixing- 
dietance Jet-diameter r a t i o  for t h e  range of conditions  investigated. 

Fxponent b for velocity  ratio V J / V ~ .  - The ‘br ia t ion of 
penetration parameter 2/Dj w ~ t h  velocity  ratio vJ/VO for three 
density ra t ios  is  presented in figure 7 for   the ty-ped Jet nozzle 
of 0.0625-inch diameter a t  a conatant mixbg-diatance Jet-diameter 
r a t io  S ~ J  of 25.0 in positfon la. A straight line having a dope 
of 0.95 is dram through the data for each of the density  ratios. 
Although, for clarity of presentation, data are  shown f o r  only one 
jet-nozzle  size, type, and position, data for all other sizes, t y p e ,  
and positions  investigated also f e l l  along straight lines with 
dopes of 0.95 fop a l l  density  ratios. The logarithmic  plot of 
figure 7 Indicates that the exponent b for the velocity  ratio is 
equlal t o  0.95 and equation (2) rnerefore becomes 
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Exponent c for   dengi t r   ra t io  P ,j/Pg. - A cross plot of 
figure 7 is shown in figure 8 in which the pmetzatian parametar 
2/Dj is plotted a8 a functicm of density ratio Pd/p0 for two 
velocity ratfoa.  StreLfght lines with slopes of 0.74 are defined bg 

tspes, and posftions gave the =me result- This logartthmic CTOBS 
plot therefore defines the exponent c for the density r a t io  as 
equal to 0.74 and equation (3) becc~aes 

ki 
0 

E P  this  cross  plot-  Stmilar ~1 ‘088  plots of the otber jet-nozzle sizes, 

-ent e for mixing-diatasce  jet-diameter r a t i o  ~/DJ. - 
In order t o  obtain the variation of tbe j?enetratfan parameter 2/bJ 
w i t h  mixing-distance  jet-dfameter r a t i o  s/DJ, a plot of 2/Dj 
must be made for cma.t;ant velocity ratio and density ra t io .  Thie 
plot was most convsniently obtained by a cross plot  of figure 9, 
which present8 the variat ion of t h e  penetration parameter ~ / D J  

MJ& (?Tog” (2)”’” for a range of  constant &-distance 

jet-diameter ratio8 s / b ~  From 8 to 74. Data for all the  vasious 
Jet-nozzle aiametere far tvo jet-nozzle m e s ,  two positions, eLnd 
two mixing distance8 are included i n  thfa  figure t o  extend the range 
of the plo t  and to note the- agreement at cmstant mlrfng-dfstance 
jet-diameter r a t i o  abJ- 

The lo@3rithmic croa8 g lo t  of figure 9 is presented in 
figure 10, which shove the variatian of the penetration parameter 
~/D.J with mix%-distance jet-dfameter ratfo E / D ~  for amera1 

values of (2) (3(”74 . Straigbt lines with a ccnamo~l slope 

of 0.22 a r e  defined f’rm this cross plot and therefore t he  exponent 
e for  the  nixfng-dfstance jet-diameter r a t io  is equal to 0.22 asd 
equation (4) becomes 

0.95 
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KIXkL CoIlRELATIoly d tn 
4 
to 

The ffnal c o r r e h t i m ,  which is obtained by plott ing the pene- 
tration parameter Z / D ~  against the factor (YJyDg5 (2) 0 -74 (&" cia logxrithmic  coordinates, is presented 

in figure 11. The scatter of the data about the mean line i~ about 
f 7  pqcent,  wfiich is within Ahe accuracy of the ori-1 photographic 
records. 

The value of the coefficient K found by the substitution of 
t h e  values of the coordinates of any point on the l h e  in the cor- 
relation equation, 2s equal t o  0.450. The final equation i a  
accordingly written 

" - . .  

The data for t yped  Jet nozzle in position la are not included 
In figure 11 because they departed  appreciably from the correlation 
of that figure. The correlation  obtained Kith these data is illus- 
trated in figure 12.  These data are observed to correlate satie- 
factor i ly  wit21 t h e  same exponents a8 t h e  data of figure ll but K 
is  1 9  percent hi.&er (K = 0.535). The exact reason f o r   t h i s  dif- 

combbatian of the effect8 of differencea in  .the a i r k t z e a m  boundary 
layers  for different Jet-nozzle immerafans, velocity  profiles, data 
inaccuracies, or photographic aberrations in the original records. 
Because tha predominant amount of dab falls on the curve of 
fi.gure ll and because these dah were among the latest obtained 
and "thm may have bean 8UbjeCt t o  smaller errors due t o  experimental 
technique, the value of the coefficient IC believed t o  be the most 
accurate and rocomended for use is  0.450, as in equation (6). 

ference in the mlue Of K 1s unbnown but m y  be ang m e  8 

mom an analysis of data obtained on t he  penetra,tion  character- 
ie t ica  of l iquid (water) jets directet~approximtely perpendicularly 
to a high-velocity alr- stream, a correlation method WBB obtained 
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1321 
0815 
.0821 

1359 
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Velocity ratio, VJ/V~ 

Figure 7. = Variatian of penetration 
parameter with velooity ratio.  Jet- 
nozzle type, A ;  jet-nozzle diameter, 
0.0626 inch; mixing-distance j e t -  
diameter ratio, 26.0: posit ion,  la. 

1 

Density r a t i o ,  pJ/po 
I <  

Figure 80 - Variation of penetration . 
parameter w i t h  density ratfo as ob- 
tained frcan cross plot of figure 7. 
Jet-nozzle type, A; jet-nozzle  dia- 
meter, OS0625 inoh; mixing-distance 
jet-diameter ratio, 25.0; positfon, l a r  
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60 

40 
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20 

Jet-nozzle Jet-nozzle Mixing-distance 
type position jet-diame~ter 

A 
A 
A 
A 
A 
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B 
B 
B 
B 
B 
B 

2a 
2a 
2a 
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lb 

ratio, s/Dj 
74 
50 
40 
32 
25 
20 
16 
40 
32 
25 
20 
16 
11 
0 

15 20 30 40 60 

Figure 9, - Variatfon of penetration parameter 
with ( V - J / V O ) ~ * ~ ~  ( p ~ / p o ) * * ~ ~  for various 
jet-nozzle diameters, t y p e  and position for 
range of mixing-distance jet-diameter ratios. 
Jet-nozzle  diameters, 0.0195 to 0.0625 inch; 
mixing distanoes, 0.50 and 1.00 inch. 
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Mixing-distance- jet-diameter ratio, s/Dj 

distance jet-diameter r a t i o  as obtained from cross p l o t  of 
figure 9. Jet-nozzle diameters, from 0.0135 to 0.0625 inch; 
mixing distances,  0.50 and 1.00 inoh. 

Figure 10. - Variation of penetration parameter with mixing- 
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Figure 11. - Final   correlat ion of penetration parameter. 
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Figure 12. - Correlation of penetration parameter f o r  
jet-nozzle type A. Jet-nozzle diameter, 0.0625 inch; 
position, la. 
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